The identification and characterization of components of the skeletal muscle myofibril are essential to understanding its normal development and function and are critical to determining how muscle structure is sustained over extended time periods in the animal. A wealth of studies over the past 50 years have served to develop our current understanding of the functional contractile unit of muscle, the sarcomere, in which anchored sliding filaments mediate the process of muscle contraction. The mammalian sarcomere is now known to comprise a large number of different polypeptides, which functionally collaborate to enable efficient posture and locomotion in the animal (reviewed in Ref. 1) . Sarcomeres of striated muscles are held together through multi-protein complexes termed Z-discs. These electron dense structures at the borders of each sarcomere integrate filament systems, transmit tension during contraction, and maintain structure and function of the myofibril (2, 3) . Recent research has also identified the Z-disc as a nodal point in muscle cell signaling and maintenance, participating in the sensing of mechanical stress, and the transmission of signals to the nucleus (reviewed in Ref. 4) .
It is now apparent that mutations affecting several structural components of muscle can cause morbidity and mortality in humans. Mutations affecting components of the thick or the thin filaments can cause a variety of muscular dystrophies and myopathies (5) . In addition, mutations affecting the anchoring point of the thin filaments, the Z-discs, can result in muscle disease. Notably, mutations in the myotilin gene cause limbgirdle muscular dystrophy type 1A (6) ; and a form of myofibrillar myopathy is caused by mutations in the Z-disc alternatively spliced PDZ motif-containing protein (ZASP, 2 also known as LIM domain binding 3, or LDB3) (7) . In addition, point mutations in the genes encoding a number of Z-disc proteins are associated with dilated cardiomyopathy (reviewed in Ref. 4) . These findings underline the critical role that the Z-disc plays in muscle biology, and also reflect the complexity of this structure.
Much interest has recently surrounded the organization and function of Zasp genes, given their roles in mammalian muscle disease, their demonstrated interaction with ␣-actinin within the Z-disc (8, 9) , and their potential involvement in signaling through interaction with other Z-disc components such as calsarcin (29) . ZASP proteins contain a PDZ domain, a "ZASP-like motif" (ZM) and one or a few LIM domains. The PDZ domain and ZM motif mediate interactions with ␣-actinin (10, 11, 12) , whereas LIM domains are thought to be critical for additional protein-protein interactions. How these proteins are organized, and how they stabilize other myofibrillar components, is still a significant field of study, and there are clearly several aspects of Z-disc organization and biology that have yet to be uncovered.
Classical approaches to understanding Z-disc composition have utilized biochemical methods to isolate the Z-discs, and * This work was supported, in whole or in part, by Grant GM061738 (to subsequently analyze their protein components. The Drosophila system has been used in this venture, and Saide et al. (13) identified a number of Z-disc components. Specifically, these authors demonstrated that Drosophila flight muscle Z-discs comprise ␣-actinin, and a number of large molecular weight proteins similar to vertebrate titin. In addition, these and subsequent authors also identified a ϳ210 kDa component of Z-discs named Z(210), whose accumulation was restricted to the adult muscles, but for which the identity has never been determined (14) .
To solve the identity of Z(210) in the context of the fully annotated Drosophila genome, we set out to identify and characterize this protein. Here, we demonstrate that Z(210) is a novel isoform of the Drosophila ZASP gene, Zasp52, and we demonstrate that the exon encoding the Z(210) epitope is adult-specific. When we knock down expression of Zasp52 in the flight muscles, we observe defects in myofibril organization, and a loss of ␣-actinin localization in the muscles. Our studies help to characterize the myofibrillar components of this important model muscle, and uncover a critical role for Zasp52 in adult muscle structure and function.
EXPERIMENTAL PROCEDURES
Drosophila Methods-y w and w 1118 flies were used as controls. The Mhc 10 mutant line was obtained from Dr. Sanford Bernstein (San Diego State University, CA). RNAi stocks for Zasp52 (lines 106177 and 36563) were obtained from the Vienna Drosophila RNAi Center. Line 106177 expresses RNAi sequence complementary to exon 20, and has no predicted offtargets. Line 36563 contains an inducible UAS-RNAi construct that drives expression of hairpin RNA complementary to exon 12, and has 17 potential off-targets. We tested both lines and found line 106177 to be more effective in Zasp52 knockdown in adults. Moreover, line 106177 targets exon 20, which is utilized in almost all Zasp52 splice variants known, indicating that it affects the accumulation of all Zasp52 protein isoforms. An RNAi line for Strn-MLCK (stock #3189) was obtained from Bloomington Drosophila Stock Center. Line 3189 expresses RNAi sequence complementary to exon 10 of Strn-MLCK, and has no predicted off-targets. For induction of RNAi in flight muscles, we crossed RNAi lines with lines carrying Act88F-gal4 (15) or 1151-gal4 (16) drivers. Knockdown crosses were carried out at 29°C. The ability of control flies and Zasp52 KD flies to fly was analyzed by releasing the flies from a vial and determining if they flew or fell to the benchtop.
DNA Methods-All gene names and coordinates are in accordance with the nomenclature adopted by FlyBase (flybase.org), Drosophila genome release 5.48. For RT-PCR, total RNA was isolated from wild type and Zasp52 KD adult thoraces, or from whole wild type third instar larvae, using RNeasy Mini Kit (Qiagen). cDNA synthesis was performed using SMART MMLV-RT (Clontech) according to the manufacturer's protocol. Fragments of Zasp52 were amplified using Advantage 2 Polymerase Mix (Clontech), and alternative splice site selection was confirmed by direct sequencing of the product. Fragment E2-E16 contained exons 2-6, 8 -10, 13 and the 5Ј part of exon 16; fragment E16-E20 contained exons 16 and 18 -20, and fragment E16 contained exon 16 only. To obtain these fragments by PCR, diluted cDNA samples were mixed with the exon-specific primers: E2-E16, 5Ј-ATGGCCCAACC-ACAGCTG; 5Ј-AGACTCCTGTTCCGCCAA; E16-E20, 5Ј-TCGAGGAGGAGGATTGCTATGAGATGGACA; 5Ј-GCT-AGTCGACTTAGCGCGCGTGATTCTTG; E16, 5Ј-TCGAG-GAGGAGGATTGCTATGAGATGGACA; 5Ј-TCAAAT-CGCTCAGGTCTGGCGGAAAGACA. To create pAFW-Zasp52E16, which expresses Zasp52 exon 16 fused with a FLAG tag, a fragment of exon 16 was amplified using primers: F, 5Ј-GGGGACAAGTTTGTACAAAAAAGC-AGGCTTCGAGGAGGAGGATTGCTATGAGATGGACA; R, 5Ј-GGGGACCACTTTGTACAAGAAAGCTGGGTGTT-CAAATCGCTCAGGTCTGGCGGAAAGACA; and cloned into the Gateway entry vector pDONR221 (Invitrogen). The final expression vector was obtained by recombination between the resulting pDONR221/Zasp52E16 clone and the Gateway destination vector pAFW (Drosophila Genomic Resource Center, DGRC; dgrc.cgb.indiana.edu). A fragment of Myosin heavy chain (Mhc) transcript assayed for loading controls was amplified using the primers: qMhc_F2, 5Ј-AGTCGCAAATCAGG-AGGATG; qMhc_R2, 5Ј-GATCCAGCAAGACTTCTTC-GAG.
Cell Culture-For expression of the FLAG-tagged exon 16 of Zasp52, Drosophila S2 cells were grown in flasks with Schneider's Drosophila Medium (Invitrogen) supplemented with 10% FBS (Atlanta Biologicals), at 24°C to a density of 2-4 ϫ 10 6 cells/ml. Cells were then plated into 24-well plates at 5 ϫ 10 5 cells per well and incubated with DNA and Cellfectin II Reagent (Invitrogen) in serum-free Schneider Drosophila Medium for 18 h at 24°C. Next, an equal volume of serum-containing culture medium was added, and cells were allowed to grow for an additional 24 h at 24°C. After this time, growing media were removed from the wells, cells were lysed in 100 l of Laemmli sample buffer, and heated at 100°C for 5 min in preparation for SDS-PAGE.
Cryosectioning, Immunofluorescence, and Microscopy-Cryosectioning and immunostaining of adult flies were performed as described before (17) . Antibodies to ␣-actinin, Kettin (also known as Titin and Sallimus (Sls)), and TpnC were obtained from Abcam. Antibody to Z(210) was obtained from Dr. Judith Saide (Boston University Medical Campus, MA) (13) , and antibody to Mlp84B was obtained from Kathleen Clark (University of Utah, UT (18)). We used Alexa Fluor antibodies (Molecular Probes) as secondary antibodies in all immunofluorescent stains. Confocal images were generated at the University of New Mexico & Cancer Center Fluorescence Microscopy Shared Resource.
Protein Methods and Western Blotting-Protein samples of adult thoraces were obtained through homogenization of six thoraces per sample in 60 l of Laemmli sample buffer. For flight muscle samples, muscles of three to six flies were dissected in ice-cold PBS, and homogenized in 20 l of Laemmli sample buffer. For chemically demembranated (or "skinned") protein samples, indirect flight muscles were dissected from thoraces of six flies and treated as described by Cripps and Sparrow (19) . Briefly, muscles were homogenized in 50 l of ice-cold solution A containing 10 mM potassium phosphate buffer, pH 7.0, 100 mM NaCl, 2 mM MgCl 2 , 2 mM EGTA, 1 mM DTT, 0.1 mM PMSF, 0.5% Triton X-100, and Complete Protease inhibitor mixture (Roche). Myofibrils were pelleted at 13,000 ϫ g for 5 min, and washed two times with solution A and two times with solution A without Triton X-100. Washed myofibrils were next pelleted at 13,000 ϫ g for 5 min and resuspended in 60 l of Laemmli sample buffer. All protein samples in Laemmli buffer were heated at 100°C for 5 min and then centrifuged at 18,000 ϫ g for 5 min, to remove non-dissolved particles. Protein concentration in samples was measured using the RC DC Protein Assay Kit (Bio-Rad), in order that protein concentrations were normalized between different lanes of the same gel. Proteins were separated in 4 -20% acrylamide MiniProtean TGX gels (Bio-Rad) and either stained with Bio-Safe Coomassie G-250 Stain (Bio-Rad) or electrophoretically transferred onto Amersham Biosciences Hybond ECL membrane (GE Healthcare) for Western blotting. Protein size standards used were Precision Plus Protein Prestained Standards (BioRad). The locations and sizes in kDa of standards are indicated on all stained gels and Western blots. Membranes were immunostained with the same primary antibodies as used for histochemistry. Additionally, we used M2 monoclonal anti-FLAG antibody (Sigma) and rabbit polyclonal antibody to ␤-actin (#4967, Cell Signaling Technology). Anti-rat, anti-rabbit, and anti-mouse HRP-IgG conjugates (Invitrogen) were used as secondary antibodies, and their chemiluminescent signals was developed using Amersham Biosciences ECL Western blot Analysis System (GE Healthcare). For in-gel protein identification, the band of interest was excised from the Coomassiestained gel, and shipped to Arizona Proteomics Consortium (Arizona University) for LC-MS/MS analysis.
RESULTS

Identification of Polypeptide Candidates for Z(210)-To
identify the polypeptide that corresponds to Z(210), we sought to isolate the corresponding protein band from an acrylamide gel, and identify it using mass spectrometry. This approach was technically difficult, since the apparent molecular mass of Z(210) closely matches that of myosin heavy chain (MHC), and the high abundance of MHC might mask the signal arising from rarer polypeptides. To obviate this problem, we sought to identify the band corresponding to Z(210) using protein isolated from an Mhc 10 mutant, in which there is no flight muscle myosin produced (20) .
We first confirmed that Z(210) was still present in chemically demembranated flight muscle myofibrils from wild-type and Mhc 10 mutants. In the absence of flight muscle MHC, a band of ϳ240 kDa was more apparent in Coomassie-stained gels. In the Coomassie-stained gels, we also detected a minor band with molecular mass of ϳ260 kDa. This band was hardly visible in control samples, since it was obscured by MHC, but was more clearly visible in the Mhc 10 lane (Fig. 1A , left panel, arrowheads). Western blot of the same samples with anti-Z(210) antibody also revealed 2 high molecular weight proteins of 240 and 260 kDa (Fig. 1, right panel) , although in subsequent blots (see below) the more minor band was not always detected. Vigoreaux et al. (14) detected minor products of degradation in flight muscle samples stained with anti-Z(210) in addition to main Z(210) band. We also observed lower molecular weight products, but only in flight muscle samples of the myosin mutant ( Fig. 1, right panel) , that might be the result of higher sensitivity of mutant myofibers to protease cleavage during sample preparation.
The 240 and 260 kDa bands were therefore excised from the gel, and subjected to peptide identification by LC-MS/MS. This analysis identified almost 200 peptides, matching five polypeptides that could correspond to Z(210) (Fig. 1B) . Stretchin-MLCK (Strn-MLCK) is a large titin-like polypeptide that was previously identified as a thick filament-associated protein (21, 22) . MHC was also identified, and its presence in the lane from a myosin-null mutant probably reflected slight contamination from the adjacent wild-type lane. L(2)01289 was only identified in two peptides for the 240 kDa band or five peptides for the 260 kDa band, and its expression pattern did not match that of a muscle-associated protein (23) . Titin, an ortholog of the Drosophila Z-line protein Sallimus (Sls), was identified only in the 260 kDa band. The presence of five Sls peptides in the sample must represent a degraded polypeptide, since the smallest known isoform of Sls is 540 kDa. Finally, Zasp52 was identified in 37 peptides (240 kDa band) and 26 peptides (260 kDa band); the prior identification of this protein as a component of larval muscle sarcomeres (9) indicated that Zasp52 was a strong candidate for Z(210). However, we note that Z(210) is restricted to the adult muscles, whereas Zasp52 is present in embryonic/ larval and adult muscles (9, 24, 25) .
Identification of Zasp52 as the Protein Corresponding to Z(210)-To determine which of the identified polypeptides might correspond to Z(210), we carried out RNAi-mediated knockdowns of the most promising candidates (Strn-MLCK and Zasp52). To achieve this, we crossed the Gal4 drivers 1151-gal4 (16) or Act88F-gal4 (15) , to UAS lines that controlled expression of inverted repeats for Strn-MLCK or Zasp52. The accumulation of Z(210) was monitored in each of these samples, alongside either y w controls, or control animals in which the Gal4 drivers were crossed to y w.
The knockdown of Strn-MLCK resulted in the loss of a ϳ240 kDa band from the myofibrillar fraction as visualized by Ponceau S staining, but did not affect Z(210) levels based upon immunodetection, for which the signals were equivalent between knockdown and control animals ( Fig. 2A, lanes 1 and  2) . By contrast, Zasp52 knockdown mediated by either the Act88F or the 1151 driver, resulted in a significant reduction of Z(210) signal relative to control crosses ( Fig. 2A, lanes 3-6) . These differences did not result from alterations in the total amount of protein loaded, based upon Ponceau S staining ( Fig.  2A, lower panel) . We conclude that the 240 kDa band, visible by Coomassie staining and Ponceau S staining, represents a mixture of at least two peptides: predominantly Strn-MLCK, with a smaller contribution of Z(210).
To determine if the loss of Z(210) immunoreactivity in the Zasp52 knockdowns was reflected in sectioned tissues, we analyzed Z(210) accumulation in the flight muscles of control and knockdown animals. In wild-type, anti-Z(210) labeled very specifically the Z-discs of the IFM myofibrils, consistent with earlier studies (Fig. 2B, arrows) (13, 14) . In the Zasp52 knockdown animals, anti-Z(210) labeling was absent (Fig. 2B) . We also noted that, in the knockdown animals, IFM myofibril structure was aberrant: the myofibrils showed variations in thickness compared with wild-type, and the Z-discs were indistinct based upon phalloidin staining (Fig. 2B, arrowheads) . These observations were consistent with a flightless phenotype of the knockdown flies (Fig. 2C ): all tested knockdown females were flightless, compared with 81.1% of control female flies that were able to fly.
Taken together, these data indicate that the most likely identity for Z(210) is an isoform of the Zasp52 gene. Moreover, the function of this gene in the indirect flight muscles is required for normal myofibril structure and function.
Characterization of the Large Flight Muscle Isoform of Zasp52-Previous studies of the Zasp52 gene have uncovered significant complexity in its genomic organization and pattern of splicing (24, 25) . The current annotation at Flybase.org lists over 20 exons (Fig. 3, top diagram) , and a similar number of alternatively-spliced products. Moreover, the gene is expressed at high levels in embryonic and larval stages, in addition to the pupal and adult stages, yet Z(210) has been shown to be adult-specific in its accumulation (13) . We therefore sought to identify the exon arrangement of the isoform of Zasp52 corresponding to Z(210), to determine if it corresponds to a known or novel isoform.
A striking characteristic of the Zasp52 gene structure is the large exon 16, that alone is calculated to contribute 160kDa to the molecular mass of an encoded protein. A splice isoform of Zasp52 that includes most of exons 2-10, plus exon 16 and exons 18 -20, would generate a polypeptide whose size is similar to that reported for immunologically detected Z(210) (14) . Our proteomic analysis provided some support for this hypothesis, since 30 of the 37 Zasp52 peptides identified from Mhc 10 flight muscle myofibrils corresponded to fragments within exon 16 (these peptides are indicated on Fig. 3) .
On the other hand, the recent characterization of Zasp52 isoforms by Katzemich et al. (25) and FlyBase (flybase.org) suggested that most exon 16-containing transcripts either have a 5Ј-truncated exon 16, or utilize an internal promoter, and could only generate polypeptides with relative masses 200 kDa or less.
To resolve this issue, we analyzed Zasp52 transcripts, using RT-PCR of RNA isolated from adult thoraces. In the reaction with primers to exons 2 and 16 we amplified three products in the size range 1.8 -2.8 kb. The larger two products contained intron sequences and multiple internal stop codons, and thus could not be translated into long polypeptides (Fig. 3, upper  right panel, arrowheads) . We believe these two bands simply represent incompletely spliced transcripts. The third product contained exons 2-6, 8 -10, 13 and 16 (Fig. 3, upper right arrow), and contained a continuous open reading frame. In the reaction with primers to exons 16 and 20, we amplified one ϳ4.5 kb product containing exons 16 and 18 -20 (Fig. 3, lower  right panel) .
Diagrams for the two main products are shown on Fig. 3 , and we conclude that they each correspond to part of a larger isoform, that spans exons 2-20. We were not able to identify a single product from exons 2-20, presumably because the expected size of this product (ϳ6.16 kb) was prohibitive to RT-PCR. Nevertheless, a transcript with this composition would encode a polypeptide of predicted mass 240 kDa, equal to the detected size of Z(210). Our analysis importantly identified a new isoform of Zasp52 based upon its exon composition.
In our RT-PCR reactions we did not identify longer transcripts with alternatively spliced exons that might correspond to the minor 260 kDa isoform of Zasp52, that sometimes appeared on our protein blots. Based on its molecular weight we can predict that this isoform also contains exon 16, and that it might include exons in addition to the isoform indicated in Fig. 3 .
Why does the Z(210) antibody only recognize epitopes in adult tissue? Analysis of high-throughput developmental RNAsequencing data (23) , available at Flybase for Zasp52, suggested that the only exon that might show adult-specific inclusion in transcripts was exon 8. However, when we expressed in S2 cells a truncated FLAG-tagged isoform of Zasp52 containing the spliced exons 2-6, 8 -10, and 13, this fragment was not recognized by anti-Z(210) on Western blots, despite being recognized by the FLAG antibody (data not shown).
In parallel, we carried out RT-PCR analysis of larval and adult samples, and found that the large exon 16 was detectable in adults, but not in larvae (Fig. 4A ). This finding was at odds with the high-throughput sequencing, yet was confirmed in a number of separate RT-PCR analyses. We also confirmed the absence of Z(210) immunoreactivity in larval tissues by Western blotting: Protein samples prepared from whole larvae did not show Z(210) immunoreactivity, even when the samples contained four times more total protein then the sample from whole thoraces (Fig. 4B, lane 3) . The amount of muscle protein in the larval samples was similar to adult thoracic samples, based upon anti-␣-actinin staining. This result was consistent with previous finding by Vigoreaux et al. (14) that Z(210) is absent in larval body wall muscle.
Given the apparent adult-specificity of exon 16 as revealed by our RT-PCR analysis, it suggested that this exon might encode the epitope recognized by anti-Z(210). To test this notion, we created an expression construct encoding only exon 16 of Zasp52, fused in-frame to a FLAG tag (Fig. 3) . This construct was expressed in Drosophila S2 cells, alongside a control transfection using empty expression vector. No immunoreaction was observed on Western blots of vector-only control transfections; for cells transfected with the FLAG-tagged exon 16 construct, both anti-FLAG and anti-Z(210) recognized a band corresponding to the predicted size of the exon 16 construct in these cell lysates (Fig. 4C) .
To confirm the expression pattern of the exon 16-containing isoform, we immunostained with anti-Z(210) antibody cryosections of whole thoraces (Fig. 4D) . As expected, both IFMs and TDTs detected very specific Z(210) staining (13, 14) . However, in our experiments the jump muscles reacted with the antibody more weakly and, dissimilar to the earlier study (14) , showed expression of Z(210) both in small and large cells.
Taken together, our studies describe a previously unknown gene model for Z(210) protein, and characterize it as an isoform of Zasp 52. Moreover, our data significantly expand our understanding of the complexity of Zasp52 expression in Drosophila muscle. We have identified a novel isoform of Zasp52, we have demonstrated it to be adult-specific in its expression pattern, and we have identified an adult-specific exon of this gene. We note that other isoforms of Zasp52 might accumulate in the flight muscles, but Z(210) is the only one that includes the entire exon 16 .
Requirement of Zasp52 for Maintenance of Z-disc Components in Flight
Muscle-Previous studies of Zasp52 have assessed its requirement in larval body wall muscle for normal muscle structure and function. Zasp52 knockdown studies in embryos showed that this protein is not required for initial sarcomere assembly, but rather is important for Z-line maintenance (27) . In larvae, Zasp52 knockdown resulted in a failure of normal myofibril assembly, and mis-localization of ␣-actinin in the larval muscles (9, 27) . Since the myofibrils of adult flight muscles differ significantly in their ultrastructure compared with embryonic and larval muscles, and since the adult muscles accumulate a novel Zasp52 isoform, we sought to define the requirement for Zasp52 in the formation of flight muscle myofibrils. These studies enable us to compare the requirement for Zasp52 in adult muscles, to that in larval muscles. To analyze the function of Zasp52 in the flight muscles, we studied the Act88FϾZasp52 RNAi background that we had used in Fig. 2 , and that rendered Z(210) protein levels undetectable and the flies flightless. Knockdown adults were cryosectioned, and analyzed for myofibrillar protein accumulation and localization, using immunofluorescence followed by confocal microscopy. Samples of knockdown animals were also analyzed by Western blotting for the presence of selected myofibrillar proteins.
First, we were interested in the distribution of the crucial Z-disc component ␣-actinin. In earlier studies, Jani and Schock demonstrated a physical interaction between ␣-actinin and Zasp52 in larvae (9) . The ZASP motif of human ZASP has been shown to be responsible for co-localization with ␣-actinin (12). This motif is encoded by the constitutive exon 5 of the Drosophila Zasp52 gene, and based upon the structure of the new isoform that we have identified, this adult-specific isoform should also interact with ␣-actinin. Therefore, we hypothesized that there would be misplacement of ␣-actinin in Zasp52 knockdown adults. In fact, as with the larval muscles, reduction in Zasp52 levels resulted in a failure of normal localization of ␣-actinin in cryosectioned tissues (Fig. 5A) , indicating a requirement of Zasp52 for ␣-actinin localization.
By contrast, loss of Zasp52 in the flight muscle myofibrils did not affect the accumulation and localization of the Z-disc-associated protein, Mlp84B (Fig. 5, B and D) , despite there being noticeable abnormalities in the structure of the myofibrils (Figs.  2B and 5B). Such myofibrils were missing Z-lines, abnormal in shape, and variable in thickness, indicating that Zasp52 is required for maintaining normal myofibril dimensions in the flight muscles.
In the larval muscles, loss of ␣-actinin resulted in a failure of Sallimus (Sls; a Drosophila titin) accumulation in Z-discs (9) . We therefore also studied Sls protein in the flight muscles of Zasp52 knockdowns. Interestingly, in this experiment, Sls localization did not change in response to Zasp52 removal (Fig.  5C ). This indicated that, in the flight muscles, Sls organization may not depend upon ␣-actinin, as it does in the larval muscles.
Interestingly, by Western analysis, there was still significant accumulation of ␣-actinin protein in the muscles (Fig. 5D, lanes  1-4) , despite a failure to detect ␣-actinin in Z-disc structures through immunostaining. To understand this apparent contradiction, we studied the subcellular distribution of ␣-actinin in control and knockdown animals, by analyzing soluble and insoluble fractions of Triton-treated flight muscles (Fig. 5D,  lanes 5-8) . We found that in wild type, ␣-actinin was predominantly restricted to the Triton-insoluble fraction, containing myofibrils (Fig. 5D, lanes 5 and 6) . In contrast, in Zasp52 knockdown animals, the ␣-actinin was mostly cytosolic, with a smaller portion of the protein being associated with the myofibrils (Fig. 5D, lines 7 and 8) . This finding indicates that when not associated with the myofibrils via interaction with Zasp52, ␣-actinin protein is stable and not subject to immediate proteosomal degradation. In summary, our data identify the Z-disc protein Z(210) as a novel adult-specific isoform of Zasp52, which is required in flight muscle myofibrils for ␣-actinin localization and normal sarcomere structure.
DISCUSSION
Understanding how myofibrillar components collaborate in the formation of the mature structure is a central challenge in the field, and is critical to understanding the causes and effects of human muscle diseases. A critical component of the sarcomere is the Z-disc. Here, actin filaments are cross-linked by ␣-actinin to enable transmission of force along the length of the myofibril, and the Z-disc is a central component of muscle cell signaling from the extracellular environment to the nucleus. Z(210) was identified by Saide et al. (13) as a Z-disc component, and further shown to be predominantly restricted in its accumulation to the adult flight muscles and the adult jump muscles (14) . Here, we identify Z(210) as a novel isoform of Zasp52, which has been identified separately in both Drosophila and vertebrates as a critical component of the Z-disc. ZASP proteins are required for normal myofibril maintenance in mice and zebrafish (11, 28) , and Zasp mutations in humans are associated with skeletal and cardiac muscle diseases (reviewed in Ref. 2) . Characterized mutations of Zasp52 in Drosophila embryos cause myofibrillar defects in embryonic/larval muscles, including irregular formation of Z-disc structures, and muscle attachment defects (9, 24) . We show here that the requirement for Zasp52 in normal muscle structure extends to the adult indirect flight muscles, where myofibrils lacking Zasp52 show defects in their shape and diameter.
What is the molecular basis for these defects? In the embryos, at the stage of myofibril formation, loss of Zasp52 does not change myofibril striation pattern and distribution of ␣-actinin (27) . However, later in embryogenesis muscle striations in Zasp52 mutants disappear, suggesting that Zasp52 is required rather for maintenance of Z-lines than for sarcomere assembly (2, 9) . In contrast, in the larva, knockdown of Zasp52 results in mis-localization of ␣-actinin and absence of Z-lines (9) . ␣-Actinin is a well-known Z-disc protein, where it has a fundamental structural role in sarcomere formation (reviewed in Ref. 3) . Nevertheless, during Drosophila development, it plays a different role in distribution of another important structural Z-line protein, Sls (a Drosophila ortholog of titin). In the ␣-actinin mutant embryos, localization of Sls was unaffected, whereas it was lost from the Z-discs of mutant larvae (9, 27) . Here, we document a loss of ␣-actinin from the sarcomeres in adult Zasp52 knockdown flight muscles, and in this case Sls localization is not affected. Clearly, there are structural and organizational differences between embryonic, larval, and adult muscles that account for this differential sensitivity of Sls to the absence of ␣-actinin and/or Zasp52.
Our data also show that Z-discs of adult flight muscles have a Zasp52 isoform that is not present in larval sarcomeres. It is not known which isoforms of Zasp52 protein are used for embryonic or larval Z-discs assembly, but we can propose that during Drosophila development different isoforms of the same protein can be involved in sarcomere organization versus maintenance, and different isoforms might have distinct interactions with the other Z-disc proteins.
The large size of Z(210) relative to many other Zasp52 isoforms arises from the adult-specific inclusion of the large exon 16 in the mature mRNA. This exon does not contain known functional domains, thus its role in Zasp activity remains poorly understood. It is possible that inclusion of this exon acts to create additional space between the N-terminal PDZ and ZASP domains and the C-terminal LIM domains, to accommodate a specific structural feature of the adult muscles. How this might be reconciled with the presence of Z(210) in the flight and jump muscles, two muscles with vastly different ultrastructures (26), is not clear.
Interestingly, across species as distant as Drosophila and humans, Zasp genes retain their characteristic feature of producing multiple, alternatively spliced isoforms (see online genomic database at www.ensembl.org). From this and other studies (10, 25) , it is evident that Zasp splice-isoforms are often specific only for a subset of muscles. Thus, the evolutionarily preserved diversity of Zasp may be required by specialized somatic muscles to better fit their specific functional demands. We speculate that Zasp splice-isoforms might do this via organization of alternative Z-disc structures, adapted for best performance within specialized muscles. Overall, our studies identify and characterize a critical component of the muscle Z-disc, and demonstrate its requirement for normal myofibril mainte-FIGURE 5. Zasp52 is required for proper myofibril organization in adult flies. A, immunostaining of horizontal frozen sections of thoraces from control flies (upper panels) and from Zasp52KD flies (lower panels), using anti-Z(210) (left panels) or anti-␣-actinin (middle panels) antibodies. Right panels represent merged anti-Z(210) and anti-␣-actinin images. For control, y w were crossed with Act88F-gal4 flies, and offspring were assayed. Note the failure of ␣-actinin to accumulate at the Z-disks in the knockdown animals. B, immunostaining of frozen sections of control flies (upper panels) and Zasp52KD flies (lower panels), using anti-Z(210), anti-Mlp84B, and phalloidin. For control, y w were crossed with Act88F-gal4, and their offspring were assayed. The middle and right panels represent merged anti-Z(210) and phalloidin, or merged anti-Z(210) and anti-Mlp84B images, respectively. Note that Mlp84B accumulation remains normal in the Zasp52 knockdown muscles. C, immunostaining of frozen sections from control (upper panels) and Zasp52KD (lower panels) adult thoraces, using anti-Sls antibody and phalloidin. For control, y w were crossed with Act88F-gal4 flies, and the offspring were assayed. Note that Sls accumulation and localization is normal in Zasp52 knockdown muscles. A-C: white arrows point to Z-lines. White arrowheads show absence of distinct Z-lines on phalloidin images of Zasp52KD flies. Scale bars 5 m. D, Western blot of proteins from control or Zasp52KD flies. Proteins from whole thoraces (lanes 1, 2) , dissected flight muscles only (lanes 3, 4) , or skinned flight muscles (lanes 5-8) were reacted with anti-␣-actinin or anti-Mlp84B antibodies. Anti-troponin C (TpnC) staining was used as a protein-loading control. This antibody recognizes two different adult TpnC isoforms, with TpnC41F being expressed in the flight muscles. For control (CNTRL), y w were crossed with Act88F-gal4, and adult offspring were assayed. Note that despite the loss of ␣-actinin from the Z-discs, apparently normal levels of ␣-actinin are detected in Zasp52KD muscles. Note that flight muscle levels of Mlp84B are significantly lower than those in whole thoraces. Skinned IFM, lanes 5-8: muscle samples were treated as described under "Experimental Procedures." Aliquots of supernatant (S) and pellet (P) fractions from the first centrifugation step were analyzed to determine the subcellular locations of the proteins under investigation. Note that Mlp84B and TpnC are predominantly in the pellet (i.e. myofibril fraction) in CNTRL and KD animals. By contrast, ␣-actinin is present in the pellet in CNTRL animals, but strongly enriched in the supernatant in KD samples.
nance in a specialized skeletal muscle, through the stabilization of ␣-actinin.
